Abstract: Concrete bridges in the United Kingdom represent a major legacy that is starting to show signs of distress. Therefore, the need for monitoring them is an urgent task. The acoustic emission ͑AE͒ technique was proposed as a valid method for monitoring these bridges but more study is needed to develop methods of analyzing the data recorded during the monitoring. The writers would like to propose a b-value analysis as a possible way to process AE data obtained during a local monitoring. The b-value is defined as the log-linear slope of the frequency-magnitude distribution of acoustic emissions. This paper presents the results of a b-value analysis carried out on data recorded during a laboratory test on a reinforced concrete beam designed as representative of a bridge beam. During the experiment, the specimen was loaded cyclically and it was continuously monitored with an AE system. The data obtained were processed and a b-value analysis was carried out. The b-value was compared with the applied load, with a damage parameter, and with the cracks appearing on the beam. The damage parameter represents the cumulative damage in terms of total sum of acoustic emissions. The results showed a good agreement with the development of the fracture process of the concrete. From a study of the b-value calculated for a whole loading cycle and for each channel, some quantitative conclusions were also drawn. Further development work is needed to make the b-value technique suitable for practical use on a real bridge.
Introduction
Concrete bridges represent the majority of the U.K. motorways and trunk roads stock bridges. As their age is of the order of 25-35 years they are starting to show signs of deterioration. This compares with the U.S. bridge stock, which is commonly approaching 40 years old. Consequently, the necessity to monitor and verify their performance and safety is a matter of urgent concern. Acoustic emission ͑AE͒ can be used to monitor these bridges and to gain a better understanding of their conditions ͑Yuyama et al. 1998͒. Two types of monitoring are possible: a global monitoring which is intended to yield general information on the state of the whole structure and a local monitoring which yields a more detailed understanding of a certain area of the bridge. The writers consider that work needs to be done in order to find alternative ways to process and interpret the AE data obtained during monitoring. As a first stage in this direction, some experiments on reinforced concrete ͑RC͒ beams have been undertaken and a b-value analysis is presented and proposed as a method to study the development of the fracture process of the concrete. Different types of cracks generate different types of AE signals with varying frequency ranges and amplitudes. These differences can be related to the degree of damage of the structure. Microcracks generate a large number of events of a small amplitude while macrocracks generate fewer events but of a larger amplitude. When the cracks are opening up, as most of the energy has already been released, many events are created, but of a small amplitude. Furthermore, tensile cracks spawn large amplitude events while shear cracks create smaller amplitude signals ͑Li and Xi 1995; Iwanami et al. 1997͒ .
The b-value analysis can take all these factors into account and it could then be used as an alternative way to process and interpret data recorded during a local AE monitoring.
b-value Analysis
In earthquake seismology, events of larger magnitude occur less frequently than events of smaller magnitude. This fact can be quantified in terms of a magnitude-frequency relationship, for which Gutenberg and Richter proposed the empirical formula:
where M L ϭRitcher magnitude of the events; Nϭincremental frequency ͑i.e., the number of events with magnitudes in the range of M L Ϯ⌬M /2); and a and bϭempirical constants ͑Shearer 1999͒. The Richter magnitude M L is proportional to the logarithm of the maximum amplitude A max recorded in a seismic trace, corrected for the attenuation in amplitude with distance due to wave propagation and inelastic absorption. The magnitude is proportional to the logarithm of source rupture area S 
where the factor c varies depending on the transducer. If the sensor is acting as a strainmeter then cϭ1; while if it is acting as a velocity transducer, cϭ1.5; and finally cϭ3 in the case of an accelerometer. The same principle can be applied to the AE method to study the scaling of the ''amplitude distribution'' of the acoustic emission waves generated during the cracking process in the laboratory or in engineering structures. From relationship ͑1͒, the b-value is the negative gradient of the log-linear AE frequency/ magnitude plot and hence it represents the slope of the amplitude distribution. The b-value changes systematically with the different stages of fracture growth ͑Sammonds et al. 1994͒, so it could be used to estimate the development of fracture process. In terms of AE technique, the Gutenberg-Ritcher formula can be modified as log 10 NϭaϪbЈA dB
where now A dB ϭpeak-amplitude of the AE events in decibels A dB ϭ10 log 10 A max 2 ϭ20 log 10 A max (4) Comparing Eqs. ͑2͒ and ͑4͒, the b-value obtained with this relationship should be multiplied by a factor of 20 to be comparable with the one used in seismology ͑Shiotani et al. 2001͒.
In general terms, when the distributed microcracks are occurring in the early stages of damage, the b-value is high and when the macrocracks begin to localize the b-value is low ͑Sammonds et al. 1994͒ .
Although the analysis of the b-value is well known in rock mechanics and seismology, very little work has been done on concrete and civil engineering structures. In the work of Sammonds et al. on damage evolution in rock, the trend of the b-value over time is plotted and a single minimum is observed just prior to dynamic failure. The decrease in b-value leads directly to dynamic failure immediately following minimum b-value ͑Sam-monds et al. 1994͒.
An 'improved' Ib-value was proposed and applied to the evaluation of slope failure by Shiotani et al. ͑1994͒ . The Ib-value was defined as
where ϭstandard deviation; ϭmean value of the amplitude distribution; ␣ 1 ϭcoefficient related to the smaller amplitude; and ␣ 2 ϭcoefficient related to the fracture level. The variation of the Ib-value was found to be in significant agreement with the progressive failure of the slope model, suggesting that the Ib-value has the possibility to be a precursor for slope failure ͑Shiotani et al. 1994͒, just as it is in the laboratory to rock failure. The use of the improved Ib-value was later on applied by Shiotani et al. ͑2000͒ to evaluate the fracture process in concrete. The work showed that the Ib-value analysis was successful in evaluating fracture process of concrete specimens ͑Shiotani et al.
2000͒.
In this work, a conventional b-value analysis was applied on the data recorded on a reinforced concrete beam, using relationship ͑3͒ and assuming bϭbЈ*20.
The trend of the b-value was then compared with the development of the fracture process of the beam observed during the test.
Test Description
All the data reported in this work refer to an experiment carried out on an RC beam in the Structures Laboratory of the University of Edinburgh. The beam ͑named beam BF2͒ was designed based on the BS 8110: Part 1997 to represent the behavior of a beam belonging to a real bridge. The beam was 125 mm wide, with an overall height of 270 mm; it was 2.16 m long and simply reinforced with a 16 mm diameter deformed steel bar. The beam was designed to be under-reinforced in order to have extensive cracking of the concrete and substantial deflection. The extensive cracking was then expected to generate a large amount of acoustic emission. During the test, the beam was simply supported, using rollers, over a span of 2 m. The load was applied at two points using two hydraulic jacks. A small layer of rubber material was placed under the jack during the test of the beam to reduce the noise due to the jack itself. The load was applied in 5 kN steps and measured via two 100 kN load cells, connected to a voltmeter. The load cycles are shown in Fig. 1 . At the end of each loading and off-loading cycle, the load was held just for the time that the beam needed to stabilize ͑i.e., no more acoustic emissions were recorded͒. At the end of the last cycle the beam was seriously damaged but it did not fail completely and no higher load could be applied due to the maximum load limitations of the loading equipment.
During the test the beam was monitored using a Physical Acoustic Corporation ͑PAC͒ Mistras system. Eight PAC R61 sensors ͑Resonant 6 គ0 kHz I គntegral sensor͒ were mounted on the beam using plasticine. The AE threshold was set to be 35 dB: This allowed us to eliminate the background noise and record only the emissions due to the cracking of the concrete. All the transducers were calibrated at the beginning and at the end of the test using a hammer and a pencil lead break ͑BS EN 1339-9:2000-section 6.8͒. The exact location of all sensors can be seen in Fig. 2 . The test rig and the instrumented beam are shown in Fig. 3 .
During the test the cracks were marked with numbers referring to the load cycle number in which they appeared. It was possible to identify different stages of cracking: • Cycle 01: no cracks, • Cycle 02 to cycle 05: Cracks forming and the appearance of tensile cracks along the whole span of the beam, • Cycle 06: Appearance of shear cracks at the two ends of the beam, and • After Cycle 06: No new cracks growing; the old cracks opened up.
Analyses and Results
The raw data recorded with the PAC Mistras system were processed using Matlab in order to carry out a b-value analysis. During all the processing the first cycle was ignored as the numbers of AE events was not significant. First the range of amplitude was decided, going from a threshold of 35 dB to a maximum of 100 dB in steps of 5 dB. Then the total number of events during a loading cycle was divided in groups. For each group the logfrequency-magnitude graph was plotted and their linear trend calculated using the least-squares method of fitting curves. The slopes of such graphs represented then the b-values ͑an example of some of these graphs and their relative b-values can be seen in Fig. 4͒ . These b-values, during a whole cycle, were then plotted versus time ͑which corresponded to the final time in seconds of the time-range in which the relative group of events happened during the test͒. This was done for each loading cycle and for each channel. It was necessary to determine the number of events forming the groups on which the calculations were based. In order to do this, the whole calculation process was repeated using groups formed by different numbers of events. The trends of b-value values were then plotted for each case and overlapped. The results ͑see Fig. 5͒ showed that using groups formed by a number of events between 70 and 130 did not substantially modify the final trend. It was then decided to use an intermediate value of 100 events. This whole process allowed verification that the choice of the number of events on which the b-value calculation would be based does not effect the results. The trend of the b-value was then calculated and plotted for each cycle of the test and for each channel. The pattern was clearer in the early cycles when the cracks were forming. The presence of a large number of concentrated microcracks creates a clear pattern. However once the external macrocracks are formed ͑the beam is failing͒ the AE sources are fewer and more scattered so the pattern is less clear. This might imply that the analysis of the b-value is meaningful on good structures as it provides information between the microcracking beginning up to the stage where macrofractures occur by localization ͑i.e., the number of microcracks is high and they join creating a localized macrocrack͒. The trend of the b-value for Channels 3 and 7 during the second cycle of the test are shown in Figs. 6 and 7; the load over time is shown on the same graph ͑dotted line͒. As the two sensors were located, respectively, on the end and on the middle area of the beam they can be considered to give a whole representation of the full beam. Notwithstanding the presence of ''systematic fluctuations'' in the trend ͑due to the presence of reinforcement bars in the concrete͒, it is possible to see in both cases a pattern showing a decrease at the beginning ͑the dashed line in the chart͒ when the load is going up, and then a transient during the relaxation when the load is held constant. The b-value decrease corresponds then to the phase of the test ͑the loading up͒ when the cracking is happening and it reaches its minimum when the load and the damage on the beam are maximum, giving consequentially a good representation of what is really happening on the beam.
The trend of the b-value was also compared with the damage parameter D. This parameter was derived by the study of Cox and Meredith on the microcrack formation in rock ͑Cox and Meredith 1993͒. The accumulated state of damage in a material can be analyzed in terms of acoustic emissions by defining a damage parameter Dϭ ͚ 10 cm (7) where mϭseismic magnitude; and cϭ3 here because the instrument acts as an accelerometer. In terms of AE, m can be computed as the AE event amplitude in dB/20. Such a parameter is proportional to cube of the mean of the crack length ͑Cox and Meredith 1993͒. The parameter is descriptive of a damage and then by definition is related to the volume of the cracks, i.e., to a change of porosity in the concrete. The latter fails due to dilatant cracking, just like rocks, although the evolution of the damage itself might be different for both materials.
The use of this parameter was applied to the tested concrete beam. D was calculated for each loading cycle, using intervals of 100 events as for the b-value. The whole damage parameter was normalized to one, so that one was equal to the maximum damage at the end of each cycle. The results were compared with the b-value trend and they are shown in Figs. 8 and 9 where the continuous line is the b-value trend, while the dotted line represents the damage parameter. The graph shows how the minimum of the b-value corresponds to the sudden increase of damage on the beam represented by the D parameter. Such an increase of damage corresponds to the final stage of the loading up when the visual observations during the experiment confirmed the appearance of the cracking on the beam.
In a postfailure phase, the minimum and maximum values of the b-value were considered, for each cycle and for each channel. The trend of the range during the whole cycle and for each channel was then plotted. Due to the relationship mentioned earlier in the paper between the increasing and decreasing of the b-value and the micro-and macro-cracking, the minimum b-value trend suggests macrocracks have formed, while the maximum b-value trend implies microcrack growth. The chart of the trend for Channels 3 and 7 during the whole experiment is shown in Figs. 10 and 11.
When examining the results for Channel 3 ͑which is located near to the end of the beam, see Fig. 2͒ , the maximum trend is increasing from cycle Number 2 to 3, implying that microcracks are forming. During the experiment it was actually in these early stages that the cracking appeared and could be mapped on the beam. A peak of the trend appears in cycle Number 9: at this time of the experiment, all the cracks were already been formed but the shear cracks at the end of the beam were visibly opening up, just before the failure that happened in the following cycle. The minimum trend is decreasing in the early stages, reaching a minimum in cycle Number 4, suggesting the existence of macrocracks: it was indeed possible to observe that at this stage all the macrocracks had appeared on the beam. Therefore from this point onward the minimum trend is constant as no major changes of dam- Looking at the results for Channel 7 ͑which is located in the middle of the beam͒, the maximum trend still decreases at the beginning, implying that microcracks are forming; once again this corresponds to the stage of the test when the microcracking was happening. After this phase, the trend remains constant as at this point the cracks could be seen uniformly spread along the beam. The peak at the end ͑shown in the results from Channel 3͒ is unclear now, as this channel is located too far from the end of the beam where the shear cracks are opening to be affected strongly by them. The minimum trend is decreasing in the first cycle as macrocracks started to be visible on the beam and it stabilizes afterwards when all the macrocracks had appeared on the beam and no more new cracks could be seen.
In both cases, three stages of the fracture process can be identified. A first stage is where the microcracks are dominant and the macrocracks are starting to appear. This corresponded to the early stages of loading when the cracking could be seen starting to appear on the beam. A second phase of constant range when the macrocracks are constant and uniformly distributed all along the beam can then be recognized during the middle phase of the loading when visually no new cracks could be seen appearing on the beam. After this stage the cracks do not grow toward the top part of the beam ͑as the concrete is in compression͒ so a last stage can be identified when the macrocracks are opening up as the beam is failing. The crack pattern during these phases as it appeared on the beam is represented in Fig. 12 . The stress level related to the fracture stages could not be estimated exactly as the data obtained using a Demec gauge are not reliable once macrocracks appeared.
Finally, the b-value was calculated considering all the events ͑instead of groups of 100 events͒ of a whole cycle and for all channels, to compare the slopes of each channel. The results of these b-value calculations for two of the loading cycles ͑Numbers 2 and 6͒ are shown in Figs. 13 and 14 . By comparing the numerical values obtained in all cycles for all eight sensors with the location of the sensors themselves and the appearance of the cracks on the beam some quantitative considerations were drawn and they are summarized in Table 1 . At this stage, the results confirm observations from earthquake aftershocks, slope stability studies, and laboratory rock mechanics, that the b-value is correlated with the degree of localization of damage ͑Sammonds et al. 1994͒.
Practical Significance
The significance of this work is that the b-value analysis possibly provides a tool to enable an engineer to diagnose the degree and type of degradation of a concrete beam from remote monitoring of sensors mounted on the structure. The specific practical application that motivated this project related to the monitoring on concrete bridge beams. These are instances when a concrete bridge is showing signs of deterioration and the bridge engineer is faced with the choice of ''pass'' or ''fail.'' To ''fail'' the bridge implies one of the following options:
• Closure, • Weight restriction, and • Lane closure. All of the above options are undesirable for the bridge owner. Thus a third option of ''monitoring'' would be highly desirableprovided that the monitoring procedure gave real confidence regarding its accuracy re: deterioration progress. This work to date is a valuable step in providing the bridge engineer with another quantitative monitoring tool. The installation of the AE monitoring on a bridge would provide information on changes in the cracking forming in the structure, although at this stage the monitoring should be applied continuously and at an early age of the structure to be really effective.
Conclusions
The paper presents the results from a laboratory experiment on a RC beam. The beam was loaded in cycles and the acoustic emissions were recorded during the test. A conventional b-value analysis was applied on the AE data obtained from the beam and the trend of the b-value was then compared with the development of the fracture process of the beam observed during the experiment: • A good relationship was found between the trend of the b-value and the microcracking and macrocraking appearing during the test, • The results confirmed that the b-value is correlated to the fracture process of the concrete and to the degree of localization of damage, • The mimimum b-value trend suggests macrocracks have formed, whilst the maximum b-value trend implies microcrack growth, and • This study suggests that a b-value analysis could be used to interpret data obtained by a ''local monitoring'' of concrete bridges, although further work is needed in order to consolidate the results that were found and to make the b-value suitable for practical use. 
